Rotation spectra of 1.2,4-thiadiazole have been studied for naturally occurring 34 S-, 13 C-and 15 N-species of the normal and the 5-^ form, and the 12 sets of moments of inertia have been used to determine the substitution structure in the two principal axes systems. Agreement within less than 0.0005 Ä and 0.02° for distances and angles, respectively, between the two independent sets of structure parameters was obtained through the use of the rotation of axes under substitution in combination with the first and second moment conditions. The 11(3) atom was assumed on the external bisector of N(2)C(3)N(4) at a distance of 1.078 Ä from C (3). Geometric features of the four thiadiazoles are compared, and the method used in the structure calculation is discussed.
I. Introduction
In recent studies 1 by double resonance modulation (DRM) microwave spectroscopy 2 we have determined the accurate geometries of four small molecules, including three heterocyclic compounds. While, from an experimental viewpoint, this work has clearly demonstrated the advantages of the DRM technique for structure determinations, its results have proven of value in conjunction with quantum chemical calculations 3 of the electron distribution and aromaticity of heterocyclic compounds 4 . In view of this, and since earlier work on the two C2v symmetrical isomers 1,2,5-thiadiazole 5 and 1,3,4-thiadiazole 6 , together with our study of 1,2,3-thiadiazole ld , has left the structure of only one out of the four thiadiazoles undetermined, we considered it appropriate to complete this group of five-membered heterocyclics with a structure study on the remaining 1,2,4-thiadiazole.
The physical and chemical properties of this compound, £s well as its physiological uses, have been thoroughly reviewed by Kurzer". Its microwave spectrum was first observed by Sheridan and collaborators 8 , who also c^etermine-d the dipole moment and who studied the hyperfine structure of rotational transitions due to the two quadrupolar nitrogen nuclei.
II. Experimental a) Instrumental
Measurements of rotational absorptions of 1,2,4-thiadiazole and its isotopic species were made solely by DRM spectroscopy. Details of the instrument and of our standard mode of operation have been given previously 2, 9 . OKI klystrons type 20V10 and 24V10A with output powers of ~200mW respectively, were used to cover the pump region from 18 GHz to 26 GHz. Signal frequencies ranged from 28 GHz to 40 GHz. All measurements were made at room temperature and at sample pressures near 20 mTorr.
b) Samples Some time ago, a sample of 1,2,4-thiadiazole had been kindly given to this laboratory by Professor J. Goerdeler (Universität Bonn), who first synthesised this compound 10 . A small portion (~ 0.5 ml) of this sample had been left over from the earlier work 8 and was used for the present study.
After completion of the isotopic species spectra arising from 34 S, 13 C and 15 N in their natural abundances, the sample was treated with a weakly alkaline (K2C03) D20 solution which yielded ~90% deuteration in the 5-position. As expected, there occurred no detectable (i.e. less than 0.2%) exchange at the 3-position in this solution, and attempts to exchange the H(3) hydrogen under more strongly alkaline conditions proved unsuccessful. In contrast to the behaviour of 1,2,3-thiadiazole 1(1 where the supposedly 11 very stable H(4) proton could be exchanged by treatment with NaOD in D20 over about two weeks, the 1,2,4-isomer was completely decomposed under such conditions. A small fraction (~ 5%) of the sample survived the alternative treatment with D2S04, but again no detectable exchange at the 3-position was achieved. Three attempts to synthesise 1,2,4-thiadiazole or its 3-dj species according to the method 10 described in the literature were unsuccessful. As it was learned at that time that similar failures had also occurred in other laboratories 12 , no further attempts were made at the synthesis.
III. Results

a) Method and Sequence of Isotopic Analysis
The identification and assignment of isotopic species spectra was accomplished through doubleresonance double-searches 2,1 in combination with the usual procedure of predicting such spectra from the moments of inertia (I) of the parent molecule and the estimated positions of atoms in the principal axis system of this species. The molecular model from which the estimates of atomic coordinates were derived was constructed from the bond distances and angles in thiazole 13 and the other three thiadiazoles. The unforeseeable deficiencies of this model (section V a) were more than compensated for by the efficiency of the double search technique, and all isotopic species spectra were readily identified.
The 34 S species was studied first because of its relatively high natural abundance (4.2%). The rotation spectra due to molecules with 13 C and 15 N (natural abundance: 1.1% and 0.36%, respectively) in the 5-and 2-position of the ring (see Fig. 2 for numbering of atoms) were studied next, since the small a-coordinates of these atoms allowed a fairly good prediction of the rotational constant B for these species. Despite poor predictions, the assignment of the two spectra due to 13 C and 15 N in the 3-and 4-position of the ring, respectively, followed readily, and the 5-d 1 species (90% enriched) was studied last. The period needed for the unsuccessful attempts to exchange the H(3) hydrogen was used for the analysis of naturally occurring 34 S-, 13 C-and 1; 'N-spectra associated with the 5-dt species as the parent molecule.
b) Derivation of Rotational Parameters
Rotational and distortion constants 14a were derived by a least-squares fitting procedure 14b for planar asymmetric rotors. To obtain optimal values of the distortion constants, special attention was paid to transitions with high values of J. As usual, the distortion constant T(Wbb could not be determined with good accuracy, and it was therefore held fixed to its value in the parent species for the rare isotopic forms.
The rotational parameters of the parent molecule and isotopic species of 1,2,4-thiadiazole are collected in Table 1 . Rows 2 and 3 of this table give information on the number of observed Q-and Rbranch signal transitions 2b and the range of Jvalues studied for each isotopic form 15 . As may be verified from this table, all rotational constants are determined to within ± 0.05 MHz (three times standard deviations), and the distortion constants r (,(iaa , r hbbb and rabab appear to be fixed to ± 10%.
From the last row of this table the inertia defects are seen to vary but little between isotopic species. This result not only indicates complete planarity of the molecular structure, but also provides conclusive evidence that no confusion between the spectra of isotopic species and those of excited vibration states had occurred in the analysis.
IV. Structure Calculation
In addition to the incompleteness of the isotopic data caused by chemical difficulties (section lib), the calculation of atomic coordinates (Table 2) with Kraitchman's equations 16 for planar molecules shows 1,2,4-thiadiazole to be a very unsuitable case for a structure determination by microwave spectroscopy: No less than four (see Fig. 1 ) out of the six atoms for which isotopic data were obtained are found to lie so close to a principal axis (within less than 0.2 Ä) that their small coordinates can not be determined reliably by the substitution method 16, 17 . This manifests itself quite clearly in the large discrepancies between the values of these coordinates when calculated from Al (l and Al b , AI a and AI C and from AI f> and AI C , and in the inconsistencies between the bond lengths derived from these coordinates in the normal and the 5-c/j reference frames (Table 2) . Moreover, whereas it is often possible to overcome the difficulties arising with near-axis atoms through the use of the centre-of- gravity and product-of-inertia conditions, the present case is exceptional since four small coordinates (b t , a 2 , a5, a6) would need to be revised, while only three auxiliary conditions are available, i. e.
2m;a, =0,
y mj ai bj = 0 .
This shows that even if a complete set of substitution data of 1,2,4-thiadiazole were available, it would still not suffice for the revision of all small coordinates, and that one more auxiliary condition must be found. As the DRM method had readily yielded isotopic data for the ring atoms with respect to the principal axes of the normal and the 5-d l species, it was possible to obtain the required fourth condition as follows: The magnitude of the coordinates of C(3) and N(4), together with the good agreement between the two values for the bond length C(3) -N(4) (Table 2, rows 3, 4 and 9) in the normal and the 5-d x reference frame, suggests that the positions of these two atoms are well determined in each axis system. If this is accepted, one may calculate from these coordinates the angle between the bond C(3) -N(4) and the axes of each reference frame (see Figure 1 ). The angle (S) by which the axes of the normal species are rotated when deuterium is substituted for H(5) is, therefore, calculable from the changed orientation of the bond C(3) -N(4) with respect to the «-axis as 0 = 0.22 ± 0.03 . Analogous calculations (see Fig. 1 and column 1 of Table 3) for the bonds N(2) -C(3) and N(4) -C(5) are in substantial agreement with this value, although not the same weight can be attached to these two results because their calculation involves the small sub-rotated by differing amounts, which again points to stitution coordinates a 2 and a5 . The bonds C(5) -the incompatibility of the small coordinates in the S(l) and S(l) -N(2), in contrast, appear to be two reference frames. Nevertheless, knowledge of the approximate angle of rotation and of the b-coordinate of the hydrogen H(5) seems to permit the equation
[which relates the rotation (&) of the axes with the moments (/) of the parent molecule and the position (a, b) of the substituted atom] to be invoked as a fourth condition for testing or revising a small coordinate. In the present case, the initial value 0 = 0.22 ±0.03° yielded oc = 0.039 ± 0.004 Ä, which should be compared with the 'raw' substitution value of 0.0599 Ä (0.047 Ä as opposed to 0.0726 Ä in the 5-d x frame).
With the H(5) hydrogen located in the described manner, the H(3) atom needed to be placed next before the remaining three small coordinates b x , a2 and a 5 could be revised through Eqs. (1) -(3). Since chemical difficulties had prevented this atom from being placed through substitution, it was assumed, firstly, that the H(3) atom would lie on the external bisector of the ring angle N(2)C(3)N(4) and, secondly, that its distance from C(3) could safely be taken as 1.078 + 0.001 Ä. This latter value is suggested by the corresponding C -H lengths in 1,2,3-and 1,2,5-thiadiazole ld ' 5 , while the first assumption rests on the equality of the hetero atoms adjacent to the C(3) carbon. With coordinate values for H(3) derived from these assumptions and from the known positions of C(3) and N(4), the small bx coordinate of the sulphur atom was then refined through the auxiliary condition (2). This, in turn, allowed the revision of a 2 and o3 through the simultaneous Eqs. (1) and (3).
As this first revision of a2 entailed a small modification of the initial angle N(2)C(3)N(4) and its external bisector, the H(3) position was re-adjusted in accordance with the assumptions, and Eqs. (1) -(3) were applied again. Calculation of the rotation of bonds under the H(5)->D(5) substitution now not only showed better consistency than before (column 2 of Table 3 ), but also suggested & = 0.235° (initial value: 0.22°). Hence, with this new value of & the entire revision of small coordinates was carried out once more with Eqs. (4), (2) and (1) and (3) being used to obtain 'final' values of a,;, b t and «2 and a 5 , respectively.
The atomic coordinates and molecular structure parameters obtained by the described procedure are listed in Table 4 . In contrast to the 'raw' data of Table 2 , they show very good consistency between the results derived in the normal reference frame and those in the 5-dt frame: The two values for each bond length differ by less than 0.0005 Ä, and the angles deviate from each other by 0.02° at the most (column 3 of Table 4 ). In view of the above mentioned unsuitability of 1,2,4-thiadiazole for a structure determination by the substitution method, this close coincidence is all the more remarkable. We therefore propose the averaged values as the 'best' structure parameters for this molecule (column 4 of Table 4 and Figure 2 ). Not unexpectedly, the 'final' structure parameters of 1,2,4-thiadiazole differ considerably from the 'raw' data of Table 2 . As may be verified by a comparison between Table 2 and 4, the largest change occurs in the bond length N(2)-C(3) which is increased by as much as 0.016 Ä through the revision of the N(2) position with Eqs. (1) and (3). At the same time, the bond length N(4) -C(5) is reduced by 0.011 A through the revision of the H(5) and C(5) positions. As a result, the N(4) -C(5) bond, which at first appears by 0.023 A longer than the N(2) -C(3) bond, turns out to be 0.0033 Ä shorter than the latter, and the two carbon-nitrogen double bonds become almost equal. A similar modification of lengths also occurs for the S(l) -N(2) and the S(l) -C(5) bonds which are corrected by approximately equal but opposite amounts ( -0.0072 A and + 0.0062 A, respectively), so that their difference is enlarged from 0.0446 A to 0.0581 A. The C(5)-H(5) bond, finally, is increased from 1.0750 A to the more reasonable value of 1.0785 Ä. 
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V. Discussion
a) Comparison of 1,2,4-Thiadiazole with Related Compounds
According to observations first made by Nygaard and collaborators in the case of thiazole 13 , the structure of 1,2,4-thiadiazole would be expected to be that of a hybrid molecule composed of one half of 1,2,5-thiadiazole and one half of 1,3,4-thiadiazole 5 ' 6 . The parameters linking the two halves, i.e. the angle C(5)S(1)N(2) and the bond C(3) -N(4), should be close to the averages between corresponding quantities in the two 'component molecules'. From Fig. 3 it may be seen that the only 1,3,4-1,2,4-1,2,5-
-C ' 20 0 parameter to fulfil these expectations is the angle C(5)S(1)N(2), while the bond length C(3) -N(4) is the same as in 1,2,3-thiadiazole and shorter than the average between the C(3) -C(4) and N(3) -N(4) lengths in 1,2,5-and 1,3,4-thiadiazole, respectively. The S(l) -C(5) bond lies about half way between that of 1,3,4-and 1,2,3-thiadiazole, and the S(l) -N(2) bond is longer than in 1,2,5-thiadiazole, but again close to the average between the S -N length of the 1,2,3-and 1,2,5-isomer. The two nearly equal C = N lengths in 1,2,4-thiadiazole differ by equal amounts from their counterparts in 1,3,4-and 1,2,5-thiadiazole, so that their average coincides with that of the C = N bonds in the two component molecules. While the ring angles N(4)C(5)S(1) and C(3)N(2)S(1) of 1,2,4-thiadiazole agree at least approximately with corresponding angles in the symmetrical isomers, the remaining two angles show little resemblance with expected values. The most striking feature is the angle N(2)C(3)N(4) = 120.1° which suggests a high degree of localisation around the C(3) carbon atom 20 . This result should perhaps be linked with the extreme chemical stability of the 3-position in this molecule 7 ' 10 .
From these comparisons and the circumference (U) of the four molecules, 1,2,4-thiadiazole is seen to be more akin to 1,2,5-thiadiazole, whereas 1,2,3-thiadiazole lies structurally closer to the 1,3,4-isomer. More specific trends within this quartet are not easily recognizable and a discussion of probable changes in the electronic configuration and aromaticity of these compounds is therefore deferred until the dipole moments and quadrupole coupling constants of all four thiadiazoles can be included in such considerations.
b) Structure Determination
The lade of substitution data for the hydrogen atom H(3) renders the structure determination of 1,2,4-thiadiazole incomplete. But this deficiency, which was caused by the combination of chemical difficulties and the lack of a sufficiently large sample to make the investigation of the 3-d t species in its natural abundance feasible, is largely counterbalanced by the wealth of isotopic data (normal species and 11 isotopic forms for the location of only seven atoms). It seems also reasonable to suppose that the assumed C(3) -H(3) bond length is one of the less interesting features of this molecule, and it is found, in addition, that the uncertainty in this parameter does not critically influence the location of the heavy atoms and, hence, the more important ring structure. Thus, on account of Eq. (2), the uncertainty introduced into the 6-coordinate of the sulphur atom is 32 times smaller than the uncertainty in the assumed 6-coordinate of H(3). Similarly, only about one tenth of the uncertainty in H(3) is transmitted to be a-coordinates of N(2) and C(5) as calculated from Eqs. (1) and (3). In Table 4 such estimated uncertainties have been omitted since the differences between pairs of independently calculated values for each structure parameter were judged a more objective indication of the uncertainties.
The application of Eq. (4) for the revision of a small coordinate from a minute rotation of the principal axes under substitution is undoubtedly the most questionable step in the structure calculation on 1,2,4-thiadiazole. While it can not be ruled out that its apparent success may be partly fortuitous, the following points should also be considered: By Kraitchman's equation, the small substitution coordinate of H(5) results from a small inertial change (A 1^) which is likely to contain a proportionately large contribution from vibrational effects. In contrast, the rotation of axes (0) is deduced from large changes in the moments of inertia. Hence, even if the vibrational changes accompanying 12 C^-13 C and 14 N-> 15 N substitution within the ring are as large as those for H->D substitution outside the ring, they will still represent a proportionately small fraction of the large zl/-values that are used in the calculation of 0. The angle 0 should therefore be determinable with greater reliability than the small substitution coordinate of a near-axis atom. If this is accepted, it follows that the small coordinate in Eq. (4) must be determinable with the same reliability as 0 itself, since all other quantities entering this equation are large and therefore known to relatively high accuracy.
While this consideration assumes that only two atoms (i. e. one bond) have been placed reliably in two inertial axes systems (normal and 5-d x system in the present case), the availability of two nearly complete sets of isotopic data for 1,2,4-thiadiazole provides additional criteria concerning the rotation of axes, the applicability of Eqs. (1) -(4), and the choice of the 'best' structure. Thus, if either the small coordinate of H(5) were incorrect due to inapplicability of Eq. (4) or if the use of Eqs. (1) -(3) were inappropriate, one would neither obtain close coalescence between all pairs of bond lengths and angles calculated independently in different reference frames, nor would the 'final' orientation of each bond point to the same rotation of the axes under substitution of H(5). As none of these tests on the internal consistency of the final result can be applied when only singly substituted species of a molecule have been studied, one has to conclude that the wealth of isotopic data now emerging so readily through the use of DRM-methods, offers not only a chance for comparing the results obtained in different reference frames, but can also lead to an improvement in the accuracy and reliability of substitution structures. If this optimistic interpretation of the present work should prove justified through future studies, it would also appear possible to quantify the 'vibrational effects' which, in the present example, falsify the small ^/-values of S(l), N(2), C(5) and H(5). This would be done through a comparison of the observed changes in the moments (Zl/ eff ) with those calculated from the 'final' coordinates. As may be seen from Table 5 , while amounting to up to 100% of Zl/ (ff -, the vibrational contributions (Zl/ V,b ) calculated in this simple manner for the two 'parent' species of 1,2,4-thiadiazole turn out to be in very satisfactory agreement with each other, as should indeed be the case for the normal and a deuterated species of the same molecule. Moreover, the magnitude of the apparent vibrational contributions in 1,2,4-thiadiazole is found in good agreement with values estimated previously 18 -1!) .
